Using hard x-ray photoelectron spectroscopy with variable photon energy (2-8 keV), we address the distribution of charge carriers in the prototypical LaAlO 3 (LAO) and SrTiO 3 (STO) oxide heterostructures with high carrier densities (10 17 cm −2 ). Our results demonstrate the presence of two distinct charge distributions in this system: one tied to the interface with a ∼1-nm width and ∼2-5 × 10 14 -cm −2 carrier concentration, while the other appears distributed nearly homogeneously through the bulk of STO corresponding to a much larger carrier contribution. Our results also establish bimodal oxygen vacancies, namely on top of LAO and throughout STO, quantitatively establishing these as the origin of the observed bimodal depth distribution of charge carriers in these highly doped sample.
I. INTRODUCTION
The presence of highly mobile two-dimensional electron gas (2DEG) [1, 2] at the interface of two insulating, diamagnetic oxides LaAlO 3 (LAO) and SrTiO 3 (STO) has opened up a new field of research [3, 4] . Despite many reports on remarkable properties of this apparently simple oxide interface [2, [5] [6] [7] [8] [9] [10] [11] the appropriate description of this interface has remained controversial [1, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Even the very central question, whether a single type of charge carriers is responsible for all these, at times, apparently mutually exclusive properties [8, 22] , has not found a satisfactory answer. In its simplest generic form, the increasing polar field in the overlayer LAO with an increasing thickness can be compensated by the transfer of half an electron per formula unit from the topmost layer of LAO to the topmost TiO 2 layer of STO at the interface [1, 12] ; this implies the existence of a two-dimensional electron gas with a density of 3.28×10 14 cm −2 at the interface. Extensive first-principles calculations suggest a typical thickness of ∼2 nm for the thus formed 2DEG [24, 25] . It is also understood now that the polar discontinuity across the interface of LAO-STO heterostructures can be resolved by a combination of various electronic and atomic reconstructions as well as vacancies, thereby leading to a wide range of electron densities varying from 10 12 -10 17 cm −2 , with significant changes in the transport and magnetic properties [2, 4, 7] . Moreover, many estimates [1, 5, 10, 11, 17, [26] [27] [28] [29] [30] of the thickness of the 2DEG are inconsistent with the idea of the mobile charge carriers being present only at a very narrow region (of the order of few nm) at the interface [12, 31] . Not only have the charge-carrier density and its spatial distribution remained a popular topic, the nature of the charge carriers at the interface has also been unclear so far [4, 8, 30, [32] [33] [34] [35] [36] . Hall measurements on samples with a density of carriers of ≈10 13 cm −2 or more are inconsistent with the idea of a single charge distribution [7, 11, 37] . Optical conductivity measurements [30, 34, 35] also indicate the presence of two different types of charge carriersone high mobility, low carrier density coexisting with a high carrier density distribution with much lower mobility. There are several different attempts to rationalize these observations [9, 18, 33, [38] [39] [40] .
We performed hard x-ray photoelectron spectroscopy (HAXPES) studies to unravel the origin and depth distribution of the charge carriers in this prototypical oxide based 2DEG system. We have used varying photon energy between 2 and 8 keV, that gives a large information depth extending up to ∼25 nm, giving access to the electronic structure of STO deep in the heterostructure. The advantages of this technique are obvious for studies of buried interfaces, and heterostructures in general [41] [42] [43] [44] [45] [46] , compared to crosssectional microscopy-based approaches that are invasive and necessarily introduce an additional vacuum-heterostructure interface. Photoelectron spectroscopy has previously been used to probe LAO/STO heterostructures, resulting in conflicting conclusions [21, 28, 47, 48] , possibly attributable to the more limited mean free path of photoelectrons in those experiments (1.1-3 nm). By fully utilizing the merits of HAXPES, we obtained electronic structure information deeper into the heterostructure and show for samples with high electron densities (10 17 cm −2 by Hall measurements) that (i) there are two distinct electronic charge-carrier distributions in this system: one tied to the interface and the other relatively homogeneous and extended deeper into the STO layer; and (ii) the origin of these two distributions are found to be related to the oxygen vacancy distribution and band bending at the interface. The total Ti 3d doped charge seen in our experiment amounts approximately to 5-10×10 14 cm −2 due to the much smaller probing depth compared to Hall measurements.
II. EXPERIMENTAL SECTION
n-type interfaces between STO and LAO were grown by means of pulsed laser deposition (PLD) of LAO on TiO 2 terminated STO single crystal at two different oxygen pressures (pO 2 ∼ 10 −4 Torr and pO 2 ∼ 3×10 −7 Torr), with a laser fluence of ∼2 J cm −2 respectively. The STO substrates were heat treated at 900
• C at these oxygen pressures, prior to deposition of the LAO. Two different LAO thicknesses [4 and 6 unit cells (uc)] were grown, giving four samples denoted as 4H, 4L, 6H, and 6L, respectively, keeping in mind the critical thickness for metallicity being 4 uc [2] and the LAO thickness dependent properties [49] . The numbers indicate the LAO thickness in uc, while H and L represent the high and low oxygen pressures during growth, respectively. A representative cross-sectional transmission electron microscope (TEM) image of the 6L sample is shown in Fig. 1(a) , illustrating growth of pseudomorphic LAO on top of STO. The sheet resistance as a function of the temperature of three samples is given in Fig. 1 respectively. For the 4H sample the sample resistance was found to be larger than our measurement range; however the sample did not to show any charging effect in HAXPES measurements, indicating sufficient conductivity to neutralize the photocurrent, but with a carrier concentration lower than 2×10 13 cm −2 . Since our technique cannot detect a charge-carrier density lower than ∼5×10 13 cm −2 , as explained later in the text, samples 4H and 6H provide references for essentially undoped samples for all practical purposes without the usual complication of charging effects usually observed for insulating samples. This allows us to map the charge distributions of the higher doped 4L and 6L samples, respectively. HAXPES measurements were performed at the HIKE experimental station at KMC-1 bending magnet beam line at the Helmholtz-Zentrum, Berlin [50] and at the HAXPES end station P09 of the Petra-III beamline, DESY, Hamburg, Germany [43] , using photon energies between 2 and 8 keV. The base pressure was in the low 10 −9 mbar range at both facilities. We have used the binding energy (BE) of the C 1s core level, corrected for recoil effects [51] , as the internal reference for calibration of photon energies.
III. RESULTS AND DISCUSSION
To address the possibility of intermixing at the LAO/STO interface, we recorded La 3d and Sr 3d core-level spectra at various incident photon energies. Two representative spectra of La 3d and Sr 3d core levels recorded with 3500-eV photon energies are shown in Figs. 2(a) and 2(b), evidencing clean spectral features and an absence of any contaminants. We estimated the cross-section and transmission function corrected intensity ratio of La 3d and Sr 3d core levels as a function of the photon energy, shown for 6L (diamonds) and 6H (triangles) samples in Fig. 2(c) . Following the quantitative analysis reported earlier [41, 42, 52, 53] , we express the La 3d/Sr 3d intensity ratio as a function of the photon energy as
where KE is the kinetic energy of the photoelectrons, σ is the photoionization cross section, λ is the photoelectron mean free path, θ is the photoelectron emission angle, and θ is the angle of acceptance of the analyzer. T is the analyzer transmission function, n(z) is the depth (z) dependent number density of an element within the heterostructure in the surface-normal direction. In Fig. 2(c) we plot the calculated dependence of this intensity ratio on photon energy for several fixed values of the LAO thickness between 2.6 and 2.9 nm. Comparison of these plots with the experimental data convincingly demonstrates the sensitivity of the technique. A LAO thickness of either 2.6 or 2.9 nm would be clearly inconsistent with the experiment and that the LAO layer with a sharp interface is consistent only with a thickness of 2.75 ± 0.05 nm [54] . Allowing for various models of interdiffusion of La and Sr across the interface, we find that any such intermixing has to be limited to within a single atomic layer, consistent with Fig. 1(a) . Figure 3(a) shows Ti 2p spectra of the four samples recorded using 3500-eV photon energy. The main spectral features with peaks at 459.2 and 465 eV binding energies (BE's) correspond to the spin-orbit split 2p level of Ti 4+ of SrTiO 3 [28, 47, 55] . The Ti 2p spectra of 4L and 6L samples show an additional peak at 457 eV BE. Comparing with reference samples, this feature can be assigned to the electron doping of Ti 3d levels, giving rise to Ti 3+ species [28, 47, 55] . By constructing spectral features for the Ti 3+ signal at various doping levels, we find that the corresponding intensity is below the detection limit for carrier concentration of ∼5×10 13 cm −2 for 6 and 4 uc LAO samples, assuming that the entire doping is confined within one unit cell at the interface, explaining the absence of the Ti 3+ signal in 6H and 4H samples. We separate Ti 3+ and Ti 4+ contributions to the total Ti 2p spectrum by spectral decomposition, as shown in Fig. 3(b) . The ratio of the total intensities of the two components, Ti 3+ and Ti 4+ , is a measure of the fraction of electron doping of Ti 3d states as probed in photoemission experiments. Since the photoemission probing depth increases monotonically with increasing photon energy, we monitor the Ti 3+ /Ti 4+ intensity Figs. 4(a) and 4(b) [56] , respectively. Instead, we find that a description of the charge-carrier density in terms of two distributions provides a very good fit to the experimental data. While other functional forms work nearly as well, we illustrate the results obtained with a Gaussian distribution near the interface and a constant charge-carrier density extending deeper into the STO layer as solid lines in Figs. 4(a) and 4(b) . The corresponding distributions of charge carriers are shown as the solid lines in Figs. 4(c) and 4(d) for the 4L and 6L, respectively. The best agreement with the experimental data requires one charge-density distribution at the LAO/STO interface with a width of ∼1 nm into STO and a charge-carrier density of ∼(5 ± 2)×10 14 cm −2 and ∼(2 ± 1)×10 14 cm −2 for 4L and 6L, respectively. These numbers are in agreement with those proposed from confinement of carriers from the band-bending scenario at LAO-STO [21] or at STO-vacuum interfaces [57] [58] [59] [60] . We also require a second distribution with a lower density extending into SrTiO 3 up to a depth of ∼25 nm or more [61] . We choose to specify the carrier density for this distribution in terms of the numbers of doped electrons (∼0.03-0.06) per uc of STO rather than converting it into a two-dimensional charge density, owing to the nature of the distributions (3D rather than 2D). Taking into account the exponentially decaying contributions to the spectral intensity from deeper layers [see, e.g., Eq. (1)] and typical mean free paths, we estimate that the total integrated charge density observed in our photoelectron measurements is in the order of ∼5-10×10 14 cm −2 , including a roughly equal contribution from the charge carriers associated with the LAO/STO interface and those distributed within STO. In order to be consistent with the observed total charge-carrier density from volume averaging Hall measurements, namely ∼2×10 17 cm −2 , the 0.03-0.06-e/uc doped region of STO needs to be ∼1 μm thick. While no photoemission measurement can probe this deep, this width is consistent with the estimate of a 100-nm doped layer from calculations of oxygen vacancy distributions [14] . We recall that both the samples (4L and 6L) that show evidence of mobile charge carriers are synthesized at a low oxygen pressure pO 2 ∼ 3×10 −7 Torr. This is expected to give rise to oxygen vacancies in SrTiO 3 [4, 7, 14, 17, 36, 62, 63] .
In order to address this issue, we compare the O 1s photoelectron spectra in Fig. 5(a) for the 4L (dotted line) and 4H (solid line) samples. The spectrum for the 4L sample is clearly showing a broadening towardsthe higher BE side. Forming a difference spectrum from the two O 1s spectra reveals the presence of a feature at 530.7 eV, shown by the dashed line in the same figure. We relate this peak to the nearest-neighbor oxygen ions surrounding an oxygen vacancy. We have estimated the intensity of this vacancy induced feature (O v ) at various photon energies by subtracting the oxygen intensity of the high pressure grown samples from the total oxygen intensity (O t ) of the low pressure grown sample at each photon energies. The variation of relative intensity ratio of this peak (O v ) with respect to the rest of the O 1s spectrum (O t -O v ) , as a function of the incident photon energy is shown for the 6L and 4L samples in the main panel and the inset of Fig. 5(b) , respectively. Following an analogous analysis as for the Ti 2p spectra, we obtain the oxygen vacancy distribution within the LAO and STO layers as shown in Figs. 5(c) and 5(d) with solid lines for 6L and 4L samples, respectively. Again we need a minimum of two separate distributions of oxygen vacancies to describe the experimental intensity ratios. The best description is shown by the thick shaded lines in Fig. 5(b) . One distribution of vacancies is found within the STO layer. This could be best modeled by a homogeneous distribution within the probing depth, corresponding to an average composition of SrTiO 2.97 and SrTiO 2.96 for 6L [ . This suggests that the carriers at the interface arise due to the presence of vacancies at the topmost LAO surface. It is interesting to note here that there are two independent theoretical reports here [64, 65] that did suggest exactly this scenario of charge-carrier doping via oxygen vacancy formation at the top-most LAO layer as the required by energy stability. These have been largely overlooked to date, likely due to the absence of any experimental evidence so far. Our results on the other hand provide direct evidence for the formation of oxygen vacancies in the LAO layer. We also note that there is no evidence, so far, of metallicity for the top LAO layer, while such a metallic layer would be a consequence of transferring half an electron to the interface from the LAO top layer, thereby doping holes in the LAO layer. Formation of oxygen vacancies at the top layer will counteract hole doping of the LAO layer.
IV. CONCLUSION
In conclusion, photoemission experiments with photon energy ranging up to 8 keV allow us to probe several tens of nm into LAO-STO heterostructures. Our results establish that the presence of oxygen vacancy alone can quantitatively account for the doped charge carriers found in the Ti 3d band in the LAO/STO system. The distribution of charge carriers found in our experiments can account for many observations in these systems. Specifically, (i) our findings provide a natural explanation for experimental observations of charge carriers with very different mobilities and carrier concentrations reported for such samples depending on the experimental probe used, with the doped charges at the interface providing a relatively low carrier contribution with high mobility and the bulk doped carriers representing the lower mobility, but a much higher contribution to the total number of carriers in the system. (ii) These results also provide a natural explanation for the observed much larger spatial spread of the carrier distribution compared to the dimension of the interface. (iii) Samples produced with the aim to minimize oxygen vacancies tend to exhibit a charge-carrier concentration in the range 10 12 -10 13 cm −2 , which is ∼1-2 orders of magnitude smaller than the carrier concentration of ∼3×10 14 cm −2 predicted by the polar catastrophe model for a fully oxygenated sample (i.e., in the absence of anion vacancies); the doping of the interface with charge carriers in such a sample is possibly controlled by minute concentrations of oxygen vacancies still present on the LAO surface populating the lowest energy states available at the interface due to band bending.
